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Institute of Quantum Electronics, Swiss Federal Institute of Technology, CH-8093 Zürich, SwitzerlandWe present photoacoustic (PA) spectroscopy measurements of carbon dioxide, methanol, and ammonia. The
light source for the excitation was a single-mode quantum cascade distributed-feedback laser, which was
operated in pulsed mode at moderate duty cycle and slightly below room temperature. Temperature tuning
resulted in a typical wavelength range of 3 cm21 at a linewidth of 0.2 cm21 . The setup was based on a
Herriott multipass arrangement around the PA cell; the cell was equipped with a radial 16-microphone array
to increase sensitivity. Despite the relatively small average laser power, the ammonia detection limit was
300 parts in 109 by volume.
OCIS codes: 140.0140, 140.3490, 140.5960, 140.3070, 300.6430.Single-mode quantum cascade (QC) lasers have
become attractive light sources for mid-infrared ab-
sorption spectroscopy.1 – 3 They have already been
used in experimental configurations for photoacoustic
(PA) spectroscopy4 and for single-pass or multiple-pass
absorption spectroscopy. For PA spectroscopy, how-
ever, these lasers have been operated at cryogenic
temperatures, which require a quite advanced experi-
mental setup.4 The cryogenic operating conditions
were necessary because room-temperature perfor-
mance did not result in sufficiently low detection
limits for PA spectroscopy. Recently, high perfor-
mance distributed-feedback (DFB) QC lasers, whose
room-temperature average power is sufficient for PA
spectroscopy, were developed.1,5 Until now, most
PA spectroscopy experiments were made with CO or
CO2 lasers, which emit infrared radiation near 5 and
10 mm, respectively.6,7 However, finding the overlap
between the emission spectrum of these gas lasers
and the absorption spectrum of the investigated gases
can be problematic. In such a case, the use of quasi-
continuous high-pressure CO2 lasers offers a possible
but sophisticated solution.8 Another possible solu-
tion is the use of a light source based on difference-
frequency generation between a pump and a signal
laser beam in a nonlinear optical medium.9 The
preferred choice, however, is QC DFB lasers operated
at or near room temperature. One can tune their
emission wavelengths continuously over nearly 1%
by simply changing the device temperature. If both
design and operating conditions are carefully chosen,
the emission peak can be swept across the absorption
line of a particular gas.
The QC lasers used in the research described here
are single-mode DFB lasers with surface gratings and
lateral current injection. Details of their fabrication
and main emission characteristics are discussed
elsewhere.1 But, inasmuch as the linewidth of a
pulsed laser is a critical parameter, we first presentsome measurements of the linewidth dependence on
electrical pulse length and device temperature. The
laser linewidth was measured with either a grating
spectrometer for low-resolution Dk . 0.16 cm21 or a
specifically designed Michelson interferometer for the
high-resolution experiments. For both spectral mea-
surements, the laser was placed into a Peltier-cooled
aluminum box held at a constant temperature of
230 ±C and driven at 2.4 A I  1.25 3 Ith. For a
duty cycle of 1.5% and a 40-ns pulse length, we found
an average power level of 2 mW. A constant pulse
repetition rate of 667 MHz and a variable pulse length
of 3–80 ns was used. The filled circles in Fig. 1 show
the full width at half-maximum of the linewidth as
a function of pulse length. For pulses longer than
20 ns, we found almost linearly increasing linewidths
of 0.18 cm21 at 20 ns and of 0.55 cm21 at 80 ns. For
shorter pulses, the grating spectrometer resolution set
the limit at 0.16 cm21.
Fig. 1. Linewidth versus electrical pulse length for a QC
DFB laser emitting at 10.4 mm. For the grating spec-
trometer data, there is a linewidth saturation at 0.16 cm21
for pulse lengths below 20 ns. FTIR, Fourier-transform
infrared spectrometer.
2A more accurate determination of the linewidth
can be achieved with a Fourier-transform infrared
spectrometer with a suff iciently large displacement
(i.e., 50 cm) of the movable mirror. One mirror was
mounted onto an optical rail, and the other one was
held upon a stepper-motor-driven linear stage. For
several given positions of the first mirror on the opti-
cal rail, we measured the interference fringe contrast
by tuning the movable mirror across 10 interference
fringes. In Fig. 2 we thus show fringe contrast versus
mirror displacement of the same laser as in Fig. 1 for
four pulse lengths. In the inset, the corresponding
spectra are presented. As shown by the crosses in
Fig. 1, a linewidth minimum of 0.048 cm21 at both
3 and 10 ns is observed, whereas slightly larger
linewidths are seen when we go to 5 and 15 ns. In
simple terms, the Fourier-transform limit sets a lower
boundary for the linewidth of a QC-DFB lasers. Since
heating dominates the linewidth for long pulses, one
can write Dv  C1t 1 C2t. We obtained the constant
C1  0.0466 nscm by calculating the linewidths of
transform-limited rectangular pulses, whereas C2 was
fitted to the experimental data. We attribute the de-
viation from the theory in Fig. 1 to three major causes.
First, the gain profile created by the DFB grating will
selectively amplify the wavelength corresponding to
the peak of the gain curve. One can show, however,
that for short pulses t  3 ns the selection process
does not have time to fully develop, thereby limiting
the linewidth to Dn  0.1 cm21. Second, we could
not control the shape of the electrical pulse with high
accuracy. In fact, a measurement of the optical pulse
shape suggested that electrical ringing occurred, espe-
cially at 5 ns, and this resulted in a much larger error
bar. Third, a Fourier-transform-limited linewidth
can be seen only if the laser is operated near the gain
maximum, where the linewidth enhancement factor a
is close to zero. Depending on the detuning between
the Bragg peak and the gain peak, the a factor can
become as large as 0.5. Based on this effect, Paiella
et al. recently demonstrated the operation of a QC
laser in the mode-locked regime.10
Based on these results, we decided to work with
pulse widths of 25 ns and a duty cycle of 3–4% for both
lasers used in the following measurements. The PA
cell used for these experiments was a 12-cm-long cylin-
drical chamber [  6 cm with a 6-cm-long buffer
volume [  12 cm on each side. The laser entered
and left the cell through two ZnSe Brewster windows.
This whole setup was embedded between two spheri-
cal concave mirrors, which allowed for 36 passes of the
light through the PA cell.11 With an overall length of
70 cm and the number of passes, we ended up with a
total optical path length of 24 m (15 m inside the PA
cell). Because of the limited transmission per pass
(96.1%), this path length resulted in a power enhance-
ment factor of 19 (instead of 36 for 100% transmission).
In the center of the PA cell, a radial microphone array
with 16 microphones increased the signal-to-noise
ratio (SNR) of the setup by a factor of 4. By chopping
the beam mechanically at the first longitudinal reso-
nance frequency of the cell  f  1250 Hz, we gained
another factor of 70 (i.e., the Q factor of the reso-nance) in the strength of the PA signal.12 As a result
of these three measures, we increased the PA signal by
a factor of 64,000 compared with that of a nonresonant
single-pass arrangement. The light of the QC laser
was collected with a ZnSe lens  f1.0, collimated,
and then directed collinearly with a He–Ne laser
beam for alignment purposes. Within the PA cell,
the laser beam was left collimated; behind the cell, a
pyroelectric detector recorded its power to normalize
the PA signal. The setup is fully computer controlled,
including control of the laser wavelength, the stabi-
lization of the chopper frequency on the resonance
frequency of the PA cell, and the data recording.
In Fig. 3 we present an absorption spectrum of pure
CO2 at atmospheric pressure in the wavelength range
981.5 984 cm21. Because of the changing average
power of the laser, the SNR decreased from 20:1 at
984 cm21 to 10:1 at 981.5 cm21. Good agreement
between the experiment and the HITRAN data was
seen. A minimum measurable absorption coeff icient
of amin  2.2 3 1025 cm21, which corresponds to a
minimal measurable line intensity of Smin  2.5 3
10225 cm21molecule cm22, was determined.
Figure 4 shows a comparison between a FTIR ab-
sorption spectrum of methanol vapor CH3OH at a
Fig. 2. Fringe contrast versus mirror position (interfero-
gram) of a DFB QC laser for four pulse lengths. Inset, the
corresponding spectra.
Fig. 3. PA absorption spectrum of CO2 at 950 mbars
10 bars  106 Pa and at room temperature. The SNR
decreases from 20 at 984 cm21 to 10 at 981.5 cm21.
3Fig. 4. Comparison of the absorption spectra of CH3OH
measured with a FTIR (550 ppmV buffered in synthetic
air, 950 mbars, 300 K, 3-m path length) and measured
by PA spectroscopy (100 ppmV buffered in synthetic air,
950 mbars, 300 K).
Fig. 5. Comparison of the absorption spectra of NH3
based on the HITRAN database and based on PA spec-
troscopy [10 ppmV400 mbars, 10 ppmV200 mbars,
600 ppbV (0.6 ppmV)950 mbars, all buffered in synthetic
air at 300 K].
concentration of 500 parts in 106 by volume (ppmV)
buffered in synthetic air (80% N2 and 20% O2) and
a measurement by PA spectroscopy. The concentra-
tion for the PA experiment was 100 ppmV buffered
in synthetic air at 950 mbars and for room tempera-
ture. The PA spectrum shows good agreement with
the FTIR spectrum. However, because the QC wave-
length could not be tuned to the strongest methanol
absorption line at 1033 cm21, a rather large scattering
of the PA data points is observed for a single measure-
ment, i.e., without data averaging. Owing to the ex-
istence of higher laser powers at lower temperatures
and larger wave numbers, the SNR of the measure-
ment is much better for 983.5 cm21 SNR  5 than for
981 cm21 SNR 2.5. Based on an average SNR of 3,
we estimate detection limits of 60 ppmV for this spec-
tral position and of 5 ppmV for 1033 cm21.
In Fig. 5 several absorption spectra of ammo-
nia diluted in synthetic air in the wavelength range965 968 cm21 are presented. Measurements at atmo-
spheric pressure resulted in a relatively noisy spec-
trum. This result is presumably due to coupling of
acoustic noise into the cell. For 400 mbars, the best
SNR was achieved; at this pressure and concentration,
the laser linewidth equals approximately that of the
ammonia absorption features. We observed at lower
pressure the convolution of the laser line shape with
the absorption spectrum owing to the smaller pressure
broadening of the ammonia lines. Because the micro-
phone’s responsivity decreases with lower pressure,
the PA signal decreased as well; and this resulted
again in a smaller SNR of the measurement. A value
of 300 parts in 109 by volume (ppbV) at 400 mbars
was identified as the detection limit for this particular
configuration (with a SNR of 3). Good agreement
with HITRAN data was achieved.
In conclusion, the use of a multiple-pass PA cell with
a highly sensitive microphone array permitted the de-
tection of ammonia concentrations as low as 300 ppbV
(SNR of 3). This limit is expected to decrease even
further when DFB QC lasers with higher output pow-
ers are used.1
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